Two marine walkaway VSP lines are recorded by three-component receivers positioned in a dolomite layer. The layer has a high seismic velocity relative to the surrounding rocks and may be fractured. The recorded wavefield is analysed to determine whether this acquisition is suitable to image details of the internal structure of the layer. The principal arrivals in the wavefield are a dominant horizontally refracted compressional wave with a smooth unbroken moveout, converted shear-waves from shallow reflectors, and reverberation of these converted shear-waves within the high velocity layer. Anisotropic analyses of the converted shear-waves estimate an overburden birefringence of 3% and a polarization direction consistent with the known NW-SE maximum compressive stress. Full-wave modelling of the recorded wavefield aids identification of the various arrivals and constrains the attenuation and anisotropic properties of the layer, which appears laterally uniform with the most satisfactory model possessing low attenuation but a birefringence of no more than 5%. If the layer is cracked, these results are diagnostic of evenly distributed cracks with a scalelength smaller than a fraction of a wavelength.
INTRODUCTION
Unlike low velocity channels, which trap a large large proportion of energy as normal mode dispersive channel waves, high velocity channels generally propagate leaky modes (inhomogeneous interface waves) which leak energy into surrounding rocks (Line, Kelly and Queen 1992; Lou and Crampin 1992) . As channel waves are not effectively established in this layer due to leakage they cannot be used to determine the properties of the layer. However, the high contrast in seismic velocity does generate other wavetypes which may be of potential value. The intention of this work is to identify these wavetypes in data from a field experiment, model the seismic response, and use them to infer the properties of the reservoir zone. Acquisition A walkaway marine VSP is shot in a deviated well, consisting of a vertical and a short (500m) horizontal section. This acquisition arrangement is designed with the aim of imaging a carbonate reservoir, within the Upper Permian in the North-western part of the Southern Gas Basin in the North Sea, which is believed to be fractured. The target horizon is observed at 1106m on surface seismic as a strong double trough, which represents approximately 75m of high velocity dolomite encased in thick lower velocity Zechstein evaporite sections. It is hoped that horizontally propagating wave energy will travel sufficient distance through the layer to be of value in determining its properties.
To achieve the imaging objective, a single three-component receiver package is conveyed on a drill stem and positioned at three closely spaced (30m apart) locations within the dolomite layer (Figure 3 ). Six walkaway VSPs are shot with offsets between 5OOm and 32OOm from the rig, with a boat source firing approximately every 25m, along two different azimuthal lines (Cl and C2 in Figure 2 ) at N65°E and N95°E for each receiver position. The raypath azimuth changes significantly with source position For the first 25Om, beyond which the variation is only a few degrees. The VSP is executed after drilling the horizontal section within the dolomite at an azimuth of N35ºE, perpendicular to the expected fracture trend.
DATA ANALYSIS Preliminary Processing
The data from the three-closely spaced receiver positions are firstly summed by treating the nine-components as a short horizontal vector array (Zeng and MacBeth, 1993) , filtered and deconvolved between 10 and 60Hz with a common scalar deconvolution operator, and finally the horizontal components are rotated to align the radial (X) direction with he major axis of the compressional wave motion. The non-linearity of his motion prevents complete separation of the wave amplitude from the ransverse (Y) component. The receiver package is gimballed, so that the vertical component always points vertically downwards.
Character of the recorded wavefield The final processed data for the C1 and C2 source lines are shown in Figure 3 . where traces for 1OOm source intervals are displayed for clarity. Both sets of vector displacements display similar patterns of arrivals, with the C 1 offset being more reverberatory in character. The main features of the wavefield are marked on the figure and consist of:
A -dominant cornpressional wave arrival; The compressional wave particle motion is linear only for the first few offset positions, beyond which it becomes non-linear. Most of the moveout for this arrival can be quite satisfactorily predicted (to within 10ms) by isotropic ray tracing of direct waves. There appears to be a smooth transition into a linear moveout, this is present in the original data and is not an artefact of processing. Although there are signs of another arrival onset at around the critical offset of 1500m (corresponding to a critical angle of 43°), the head wave does not appear to play a dominant role. This is expected as the incident wavelengths of 150m are larger than the thickness of the layer, so that the recorded wavefield is principally a refracted body-wave arrival. The occurence of this wavefield behaviour places an upper limit on the thickness of the dolomite layer.
Region B -shear-waves converted at an upper silstone layer and sea-bed:
Converted shear-waves appear at offsets between 500 and 1000m. The shear-waves are strong enough at some offsets to be analysed to estimate the local polarization direction in the dolomite and the time-delay between split shear-wave components using a single source technique (Wild et al. 1993) . The results indicate a polarization azimuth for qS1 of N125°E, within 10° of the expected NW-SE maximum regional stress direction. Combining the time-delays with results from offset VSP studies indicates a maximum birefringence of 3% in the overburden. and suggests between 5 and 10% in the dolomite layer. The shear-waves may be traced through to large offsets, where they become weaker on the radial (X) component and stronger on the vertical (Z) component due to ray bending. This is particularly evident beyond 2400m where there is also an increase in conversion amplitude accompanied by reverberations.
C andD -compressional and shear-wave reverberations between dolomite and underlying layers: Subsurface multiples result from grazing incidence reflections between the dolomite and the underlying layers, for both compressional and converted shear-waves. This behaviour is a consequence of sufficient low frequency energy propagating through the dolomite to enter the low velocity zone beneath the layer. The relative amplitudes of these waves helps to further constrain the velocity, attenuation and thickness of the layer. There are no high frequency reverberatory arrivals travelling at the velocity of the dolomite channel.
Full-wuvc modelling
Full-wave modelling with the anisotropic reflectivity method (Taylor 1994 ) is used to verify our interpretation of the recorded wavefield and constrain the properties of the dolomite layer. Preliminary models are isotropic, and a fully fledged anisotropic interpretation is then included. The source function is a zero-phase wavelet with a peak frequency of 30Hz, which resembles the deconvolved wavelet for the data filtered between 10 and 60Hz. An isotropic velocity model is available from well logs and the rig source VSP, from which it is possible to compute synthetic seismograms in an attempt to simulate the wave behaviour in Figure 3 . The synthetic seismogram results are shown in Figure 4 , where it is necessary to introduce a Q s of 200 in the overburden and a Q s , of more than 1000 in the dolomite layer to predict the relative amplitudes of the shear-waves. If the layer is cracked, these results combined with the birefringence estimate are diagnostic of evenly distributed cracks with a scalelength smaller than 20m. It is not necessary to attenuate the compressional waves. The dolomite thickness of 70m is well constrained by the requirement for a smooth moveout and unbroken first arrival. The consistency of the seismic character for each trace suggests a laterally uniform structure. The anisotropic modelling shown in Figure 5 confirms the balance of energy found on the observation, which requires a birefrigence of between 5 and 10% and a fracture direction consistent with the overburden. The non-linear compressional wave motion cannot be explained by the plane-layered isotropic or weakly anisotropic structures.
DISCUSSION
Guided waves can, in principle, be set up along an interface or velocity contrast for most appropriate source-receiver geometries and source frequencies. Here, due to the long wavelength (150m) of the incident waves we use wavefield components which are influenced to some degree by the high-velocity layer to infer properties of the layer, but do not record guided waves. This is expected, as unlike low velocity waveguides which tend to focus the wave energy, it is difficult to establish channel waves in a high velocity layer. It is also particularly hard to achieve continuity in a high velocity waveguide as the wavefield is very susceptible to small variations of the medium such as fractures larger than a wavelength, which immediately leak energy into the surrounding low velocity regions. Such a concept has been used to map fractures in a layer (Mason et al. 1993) . However, sufficient information on the properties of the layer can be derived from the amplitudes and moveouts of the various direct and reverberatory components of the multicomponent wavefield as they travel subhorizontally through the layer.
CONCLUSIONS
The differential information contained in the multicomponent wavefield with various types of compressional and converted waves excited by surface-to-borehole illumination with marine sources, provides sufficient contraint to resolve the attenuation, anisotropy, thickness and matrix velocities of a high velocity layer. An interpretation based predominantly on full-wave modelling reveals a low attenuation (Q s > 1000) and a birefrigence between 5 and 10% in a 70m thick layer of dolomite with seismic velocities of V p = 5.8km/s and V s = 3.35km/s. Polarization analysis of the overburden and the layer gives estimates of N125ºE which lie close to the present day maximum NW-SE regional compressive stress, and what is thought to be the direction of the major fracture trends. 
